Abstract S-locus products (S-RNase and F-box proteins) are essential for the gametophytic self-incompatibility (GSI) specific recognition in Prunus. However, accumulated genetic evidence suggests that other S-locus unlinked factors are also required for GSI. For instance, GSI breakdown was associated with a pollen-part mutation unlinked to the S-locus in the apricot (Prunus armeniaca L.) cv. 'Canino'. Fine-mapping of this mutated modifier gene (M-locus) and the synteny analysis of the M-locus within the Rosaceae are here reported. A segregation distortion loci mapping strategy, based on a selectively genotyped population, was used to map the M-locus. In addition, a bacterial artificial chromosome (BAC) contig was constructed for this region using overlapping oligonucleotides probes, and BAC-end sequences (BES) were blasted against Rosaceae genomes to perform micro-synteny analysis. The M-locus was mapped to the distal part of chr.3 flanked by two SSR markers within an interval of 1.8 cM corresponding to *364 Kb in the peach (Prunus persica L. Batsch) genome. In the integrated geneticphysical map of this region, BES were mapped against the peach scaffold_3 and BACs were anchored to the apricot map. Micro-syntenic blocks were detected in apple (Malus 9 domestica Borkh.) LG17/9 and strawberry (Fragaria vesca L.) FG6 chromosomes. The M-locus fine-scale mapping provides a solid basis for self-compatibility marker-assisted selection and for positional cloning of the underlying gene, a necessary goal to elucidate the pollen rejection mechanism in Prunus. In a wider context, the syntenic regions identified in peach, apple and strawberry might be useful to interpret GSI evolution in Rosaceae.
Introduction
Gametophytic self-incompatibility (GSI) is a common reproductive barrier in flowering plants, mostly controlled by the so-called S-locus, that prevents self-fertilization (De Nettancourt 2001) . The S-locus contains at least two linked genes coding for S-RNase and S-locus F-box proteins in Plantaginaceae, Solanaceae and Rosaceae. S-RNases are specifically expressed in the style, being essential to reject self-pollen by their cytotoxic activity (McClure et al. 1989; Boskovic and Tobutt 1996; Xue et al. 1996) . The S-locus F-box proteins, generally termed SLF in Plantaginaceae and Solanaceae (Lai et al. 2002; Sijacic et al. 2004 ) and SFB in Rosaceae (Ushijima et al. 2003) , are expressed in pollen and predicted to be part of a SCF E3 ubiquitin ligase complex, targeting non-self S-RNases for degradation by the 26S proteasome proteolytic pathway in Petunia and Antirrhinum (Hua and Kao 2006; Huang et al. 2006 ). An alternative mechanism in Nicotiana was suggested by Goldraij et al. (2006) where S-RNases are prevented from exerting their cytotoxic function by sequestration in vacuolar compartments.
The role of S-locus products is essential for the GSI specific recognition mechanism, but genetic and molecular evidence also shows that non S-locus factors are necessary for GSI in Solanaceae and Plantaginaceae. McClure et al. (2000) classified these modifiers into three groups, those affecting the expression of S-specific genes, those required for pollen rejection without a wider role in pollination, and factors involved in pollen rejection and other pistil-pollen interactions. Modifier factors have been identified on both pollen and pistil sides. Among the pistil factors, a small asparagine-rich protein, termed HT-B, was shown to be required for S-allele-specific pollen rejection in Nicotiana (McClure et al. 1999) . HT-B is suggested to be stabilized in turn by a Kunitz-type proteinase inhibitor termed NaStEP (Busot et al. 2008; F. Cruz-García pers. comm.) . In Nicotiana other pistil proteins are required for S-specific pollen rejection, such as the 120 kDa glycoprotein , or have been found to interact with S-RNases, such as the arabinogalactan proteins NaTTS and NaPELPIII (Cruz-Garcia et al. 2005) and the thiorredoxin h (Juárez-Díaz et al. 2006 ), but their role in SI is less clearly understood. Modifiers have also been identified on the pollen side. For instance, PhSSK1 is a pollen-expressed Skp1-like protein required for cross-pollen compatibility in Petunia acting as an adaptor in an SCF complex (Zhao et al. 2010) . Other pollen proteins, such as the ubiquitously-expressed SBP1 (Sims and Ordanic 2001) and the pollen endomembrane-associated protein NaPCCP (Lee et al. 2009 ) interact with pistil proteins but their function remains largely unknown.
In Rosaceae, most of the numerous SC accessions found are related to mutations in pistil and pollen S-locus factors ). However, mutations in non Slocus factors have also been associated with SC in sweet cherry (Prunus avium L.) (Wünsch and Hormaza 2004) , almond (Prunus amygdalus Batsch) (Fernández et al. 2009 ) and diploid strawberries (Fragaria spp.) (Boskovic et al. 2010) . In apricot (Prunus armeniaca) the cultivar 'Canino' (S 2 S C Mm) was found to contain both type of mutations conferring SC. On one side, the S C -haplotype shows an insertional mutation in the SFB C gene that produces a truncated protein leading to the loss of pollen-S function. On the other, a recessive mutation of the modifier (m) gene unlinked to the S-locus was shown to independently cause loss of pollen-S activity in this cultivar (Vilanova et al. 2006) . Genetic evidence suggests that, similar to Solanaceae and Plantaginaceae, these factors are essential for the GSI system in Rosaceae but their nature remains unknown. In Brassica rapa, a positional cloning strategy was successfully used by Murase et al. (2004) to identify a sporophytic SI modifier gene from a self-compatible cultivar, revealing that it encodes a membrane-anchored protein kinase. In this work, we provide solid basis for future identification of the 'Canino' pollen-part modifier gene following a similar strategy by fine-mapping the M-locus to the distal part of apricot chr.3. and constructing a BAC contig encompassing this locus. In addition, micro-synteny of this region between apricot and other Rosaceae including peach (Prunus persica L. Batsch) (International Peach Genome Initiative-IPGI; http://www.rosaceae.org/peach/ genome), apple (Malus 9 domestica Borkh.) , and strawberry (Fragaria vesca L.) (Shulaev et al. 2010 ) was studied.
Materials and methods

Plant material
An F 1 population obtained by crossing apricot cvs. 'Goldrich' 9 'Canino' ('G 9 C-01') (N = 171) segregating for a pollen-part mutation (PPM) conferring SC was used for mapping. Two sets of seedlings derived from crosses performed with the same parents in 2007 'G 9 C-07' (N = 58) and 2008 'G 9 C-08' (N = 94), as well as a set derived from 'Canino' self-pollination in 2005 'C 9 C-05' (N = 80), were also used in this study. All these trees are maintained at the collection of the Instituto Valenciano de Investigaciones Agrarias (IVIA) in Valencia (Spain). Additionally, 143 independent F 2 seed populations (ranging from N = 8 to N = 192) were obtained after selfpollination of 'G 9 C-01' trees.
Generation of F 2 populations for M-locus genotyping All trees of the 'G 9 C-01' population were self-pollinated in the field for three consecutive springs (2006, 2007 and 2008) to obtain new or to complete already existing F 2 seed populations. Before anthesis, insect-proof bags were put over several branches, containing 200-250 flower buds per seedling, approximately, to prevent cross-pollination. Fruits were collected about 3 months later and embryos were dissected from the rest of the seed tissue and stored at -20°C. The minimal population size genotyped at each F 2 population to obtain at least one individual homozygous for the S-locus (carrying the PPM) with risk a was calculated using the equation N = ln (a)/ln (1 -P) (Hospital 2003) , where P denotes the probability that an individual has the desired S-genotype (S 1 S 1 or S 2 S 2 ). S-genotyping of the F 2 offspring was performed by PCR-based amplification of the S-RNase first intron with the primer pair SRc-F (5 0 -CTC GCT TTC CTT GTT CTT GC-3 0 ) and SRc-R (5 0 -GGC CAT TGT TGC ACA AAT TG-3 0 ) following the protocol described by Vilanova et al. (2005) . DNA isolation DNA was extracted from 50 mg of young leaves following the method described by Doyle and Doyle (1987) . DNA quantification was performed measuring with the NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE) and by comparison with lambda DNA (Promega, Madison, WI, USA). Embryo DNA was extracted by incubating for 10 min at 95°C with 20 ll of TPS (100 mM Tris-HCl, pH 9.5; 1 M KCl; 10 mM EDTA) isolation buffer (Thomson and Henry 1995) .
SSR marker analysis
A total of 180 SSR markers, spread over the eight Prunus chromosomes, were tested to perform a genome-wide screen for the PPM (Supplemental Table 1 ). One hundred thirtytwo of them were directly available from the GDR website (Jung et al. 2004 ) and 48 were identified from the peach genome sequence (peach v1.0 International Peach Genome Initiative 2010 http://www.rosaceae.org/peach/genome) (Supplemental Table 2 ) using the Tandem Repeats Finder software (Benson 1999) . Primer pairs flanking microsatellite repeat motifs were designed using Primer3 (Rozen and Skaletsky 2000) . Similarly, 123 additional SSRs were tested to construct a high-density map of the 'Canino' LG3. One hundred two of them were identified from the peach genome scaffold_3 (Supplemental Table 3 ) and 21 (belonging to the series UDAp (4), EPPCU/EPDCU (8), UDA (2), MA/MD (5), UCDCH (1) and AMPA (1)) were available from the GDR website (Jung et al. 2004) .
SSR amplifications were performed in a GeneAmp Ò PCR System 9700 thermal cycler (Perkin-Elmer, Freemont, CA, USA) in a final volume of 20 ll, containing 75 mM TrisHCl, pH 8.8; 20 mM (NH 4 ) 2 SO 4 ; 1.5 mM MgCl 2 ; 0.1 mM of each dNTP; 20 ng of genomic DNA and 1 U of Taq polymerase (Invitrogen, Carlsbad, CA). Each polymerase chain reaction was performed by the procedure of Schuelke (2000) using three primers: the specific forward primer of each microsatellite with M13(-21) tail at its 5 0 end at 0.4 lM, the sequence-specific reverse primer at 0.8 lM, and the universal fluorescent-labeled M13(-21) primer at 0.4 lM. The following temperature profile was used: 94°C for 2 min, then 35 cycles of 94°C for 45 s, 50-60°C for 1 min, and 72°C for 1 min and 15 s, finishing with 72°C for 5 min. Allele lengths were determined using an ABI Prism 3130 Genetic Analyzer with the aid of GeneMapper software, version 4.0 (Applied Biosystems).
M-locus fine mapping
Segregation distortion locus (SDL) associated with the PPM was detected using JoinMap 3.0 software (Van Ooijen and Voorrips 2001) by analyzing the v 2 values of selected SSRs spread over the Prunus genome in a subset of the 'G 9 C-01' (N = 46) where all individuals carry the PPM. Using this population subset, genetic maps for each linkage group were estimated following the procedure detailed below for linkage group 3 (LG3) except for the logarithm of odds (LOD) grouping threshold established in this case at 5.0.
The high density linkage map of 'Canino' chr.3 was constructed following the ''two-way pseudo test-cross'' model of analysis (Grattapaglia and Sederoff 1994) and using SSR markers segregating in the 'G 9 C-01' population. Calculations were performed by JoinMap 3.0 software (Van Ooijen and Voorrips 2001) setting ''cross-pollinator'' data type and using the Kosambi mapping function (Kosambi 1944) to convert recombination units into genetic distances.
LG3 was established under a LOD grouping threshold of 8.0 and a recombination frequency parameter below 0.4. Segregation of the markers was analyzed one by one to correct possible mistakes in the JoinMap 3.0 output and to develop a graphical ordering.
BAC library hybridization BAC clones identification was made using digoxygenin labelled overlapping oligoncleotides (overgo) probes hybridized in pools (Hilario et al. 2007) against an apricot BAC library developed from the apricot cv. 'Goldrich' (Vilanova et al. 2003) . A total of 22 overgo probes were designed, from the peach genome sequence corresponding to the scaffold_3, using Overgo1.02i software (Cai et al. 1998) and following the website: http://www.mouse-genome.bcm.tmc.edu/webovergo. Sequences without homology with repetitive motifs were selected using the GDR website BLASTN tool (Altschul et al. 1990; Jung et al. 2004) . Hybridization was performed in four rounds using different pools comprising up to 10 probes. Positive BACs were verified by PCR using SSR markers in all cases and, occasionally, assigned to individual probes by rehybridization to colony dot blots.
BAC-end sequencing BAC clones were inoculated into 96-deep well microplates and grown for 20 h at 37°C. Cells were harvested by centrifugation and BACs were purified in 96-well plates by a standard alkaline lysis protocol. BAC DNA was precipitated with isopropanol and washed with 70 % ethanol. Sequencing was carried out on ABI3730 equipment using the Big Dye Terminator v.3.1. cycle sequencing kit (Applied Biosystems, Foster City, CA).
Sequence analysis
Sequences were edited with the Staden package v.1.4 (Bonfield 2004) . Repetitive DNA was identified with the Plant Mol Biol (2012) 79:229-242 231 RepeatMasker software (Smit et al. 1996) , using the viridiplantae section of the RepBase Update (Jurka et al. 2005) as database. The non-repetitive fraction of the apricot BAC-ends was compared with peach genome v1.0 (IPGI) and strawberry genome v1.0 (Shulaev et al. 2010) using the standalone version of BLAST (Altschul et al. 1990) , and with apple genome v1.0 (Velasco et al. 2010) using the BLASTN tool of the GDR website (Jung et al. 2004) . BLASTN was performed with a cut-off value of 1e -5 in all cases. Parsing of the BLAST results was performed with the Bio::SearchIO module from the Bioperl package (Stajich et al. 2002) .
Contig construction BAC-end sequences were mapped against the peach reference genome using the BWA-SW algorithm through the Burrows-Wheeler Aligner (BWA) software (Li and Durbin 2010) . In addition, SSRs developed from the peach genome sequence were used to confirm the assigned positions and to anchor BACs into the apricot genetic map by PCR.
Results
S-locus unlinked PPM conferring SC in 'Canino' is located on linkage group 3 SC in 'Canino' was shown to be associated with an S-locus unlinked pollen-part mutation (PPM) (Vilanova et al. 2006) , referred as the M-locus. To map the M-locus, 141 trees from the 'G 9 C-01' segregating progeny were genotyped for the mutation. 'Canino' has a defective Shaplotype and, under the proposed genetic model, is considered heterozygous for the M-locus being therefore designated S 2 S C Mm (Vilanova et al. 2006) . Thus, according to the S-and M-locus genotypes, the 'G 9 C-01' cross can be notated as 'Goldrich' (S 1 S 2 MM) 9 'Canino'(S 2 S C Mm). Progeny S-genotypes fell into four classes: GC-S 1 S 2 (28), S 2 S 2 (22), S 1 S C (54) and S 2 S C (37). Since trees showing S 1 S 2 and S 2 S 2 genotypes might only be derived from pollen gametes with genotype S 2 m they all were assigned the Mm genotype. However, S 1 S C and S 2 S C trees might be derived from pollen gametes S C M or S C m. Thus, their M-locus genotype had to be inferred by screening of F 2 offspring (Table 1) , assigning the MM genotype to those 'G 9 C-01' S 1 S C and S 2 S C trees that produced F 2 progeny with no embryos of genotypes S 1 S 1 or S 2 S 2 . The minimal sample size (C25 seedlings) to analyze for this genotyping strategy was established with an a risk below 0.01 in 98 % of the cases. Consequently, the Mm genotype was assigned to those 'G 9 C-01' S 1 S C and S 2 S C trees found to produce at least one S 1 S 1 or S 2 S 2 homozygous embryo in the F 2 offspring, and therefore in some of these cases less than 25 F 2 embryos were analyzed (Table 1) .
After the M-locus genotyping, 180 SSR markers (Supplemental Tables 1 and 2) were selected according to their positions distributed across the eight Prunus chromosomes (ranging from 18 in LG2 to 26 in LG8). All these SSR markers were tested in the 'G 9 C-01' population parents and 42 (23 %) of them displayed polymorphism in 'Canino' and were, thus, useful to look for associations with the M-locus. Polymorphic SSRs were subsequently tested in a selected subset of the 'G 9 C-01' progeny that comprise 46 trees with the Mm genotype ( Table 2 ). In this particular subset, SSR markers linked to the M-locus should be highly distorted, since only 'Canino' pollen gametes carrying the m-allele are 'represented'. The expected ratio of pollen alleles for an SSR marker unlinked to the M-locus is 1:1 (Table 2) . Accordingly, distorted markers were mainly found in LG3 and LG6 (v 2 [ 3.84 and P \ 0.05). The maximum genetic estimated distance between any pair of markers was no more than 40 cM (except for distal end of LG1 * 55 cM) (Table 2) . Consequently, in the most unfavorable scenario, distance to expected M-locus should be lower than 20 cM and recombination frequency lower than 0.2. For this case, the expected ratio of pollen alleles for an M-locus linked SSR would be 4:1 and only markers located on LG3 and LG6 fulfill this prediction. The Mlocus segregates independently of the S-locus (Vilanova et al. 2006) , thus, since distortion of LG6 markers is directly associated with the S-locus, LG3 is the most likely location for the M-locus. An additional distortion, observed in the CPSCT006 marker on LG5, proved to be associated with pistil alleles and therefore unrelated to the PPM (data not shown).
High-density mapping of the M-locus on chr.3
As a first step toward constructing a high-density map of the M-locus region on chr.3, 102 SSRs from the peach scaffold_3 sequence (Supplemental Table 3 ) and 21 additional SSRs available from the GDR website (Jung et al. 2004) were tested on the 'G 9 C-01' population parents. A similar percentage of these SSRs (28-30 %) did not amplify or produced multi-band patterns in both 'Goldrich' and 'Canino', but polymorphism of amplified SSRs was much higher in 'Goldrich' (55 %) than in 'Canino' (23 %) (Supplemental Tables 2 and 3 ). All SSRs polymorphic in 'Canino' were tested on the 141 'G 9 C-01' trees previously genotyped for the PPM. Twenty-five mapped to LG3 consistent with a genetic map of 88 cM and an average marker density of 0.28 marker/cM (Fig. 1) . However, marker density increased up to 0.75 marker/cM in the region flanked by the most distorted markers UDAp493 and EPPCU7190 (Table 2) according to the selective SSR Table 1 M-locus genotyping of GC-S 1 S C and GC-S 2 S C trees belonging to the 'G 9 C-01' population design criteria. In this map, the M-locus is flanked by PGS3_71 and PGS3_96 markers within an interval of 1.8 cM. PGS3_62 marker co-segregates with M-locus being also within this interval. Graphical ordering of genotype data enable the positioning of recombination breakpoints to confirm map order (Fig. 2) . The M-locus region map was confirmed by analyzing 152 additional seedlings derived from the same cross scheme ('G 9 C'). Thirty of them, also belonging to the 'G 9 C-01' progeny, have been tested for all LG3 markers and the S-locus, but still have not been genotyped for the M-locus (F 2 offspring). The rest, later produced by two consecutive crosses 'G 9 C-07' (N = 45) and 'G 9 C-08' (N = 77), were tested for a subset of 6 SSRs encompassing the M-locus (PGS3_34/PGS3_25 interval) and the S-locus. As a whole, the S-locus genotypes fell into the four expected classes S 1 S C (40), S 2 S C (45), S 1 S 2 (19) and S 2 S 2 (18), and this ratio fits a model where the pollen parent is heterozygous for the unlinked M-locus (v 2 = 0.81 and P [ 0.84). Furthermore, order and distances estimated between SSRs in the M-locus region were fully supported (data not shown). Three new recombinants within the Mlocus region were found in this additional set of 'G 9 C' seedlings but their M-locus genotype still has not been determined. Finally, a similar analysis performed on a different population 'C 9 C-05' (N = 80) also confirmed previous results (data not shown).
Construction of a *364-Kb contig containing the M-locus
Based on the high degree of marker colinearity between apricot and peach genome maps (Table 2 ) and according to the peach genome sequence (IPGI), the smallest apricot region containing the M-locus was estimated to be *364-Kb in size (Figs. 2, 3 ). To construct a contig covering this region, 22 overgo probes were designed from the peach genome sequence (Supplemental Table 4 ) and hybridized against the apricot genomic BAC library developed by Vilanova et al. (2003) . A total of 166 positive BAC clones were detected and 26 (16 %) of them were re-confirmed by PCR (Supplemental Table 4 ). Subsequently, BAC-end sequences (BES) were mapped against the peach genome sequence, and SSRs distributed throughout the region were analyzed to confirm BAC positions and to anchor them into the 'Goldrich' genetic map. Figure 3 shows the contig covering the M-locus region constructed with a subset of 12 selected BACs based on genetic and physical mapping.
Markers and BES analysis pointed out that apricot and peach are also highly collinear within the M-locus region, except for a *81 Kb subregion between the 18.67 and 18.75 Mb positions (according to the peach genome). Misalignment between apricot and peach was roughly delimited by the 253J12_Sp6 and 161F24_Sp6 BES positions (Fig. 3) and confirmed by PCR failed amplification of peach SSRs located within this interval (PGS3_90, 91, 93 and 94) from apricot BACs (251L05, 95D02, 164D09 and 160J21) (data not shown). Interestingly, this peach subregion shows a high repeat content including two long tandem repeats (LTR) of 7.2 Kb (LTR_1774) and 4.8 Kb (LTR_1775) in size (IPGI). Moreover, apricot BESs misaligned with peach scaffold_3 show significant homology mainly with two close regions on peach scaffold_2 located around positions 21.84 Mb (9.9 Kb in length; 251L05_T7, 160J21_T7 and 159P08_T7) and 24.32 Mb (9.1 Kb in length; 65P22_T7, 164D09_Sp6 and 95D02_T7) (Fig. 3 and Supplemental Table 5 ).
Synteny analysis
A total of 52 BAC-end reads were obtained after partial sequencing of the 26 positive BACs identified (Supplemental Tables 4 and 5 ). All BES remained as singletons and were blasted as single query sequences (QS) against the nucleotide genome sequences of peach (IPGI), apple ) and strawberry (Shulaev et al. 2010 ) with a cut-off value of 1E-05. To map BES unambiguously on the heterologous genomes only first hits were considered (Fig. 4) . BLASTN analysis revealed that all 56 apricot BES have significant homology to the peach genome (45 to scaffold_3 and 7 to scaffold_2), 35 to the apple genome (30 to chr.9 and/or chr.17 and 5 to other chrs.) and S-genotypes were determined by PCR-based amplification of S-RNase alleles in the F 2 progenies. Number of embryos falling into each Sgenotypic class are indicated. Chi-square (v 2 and P values for the expected segregation ratios 1:1 (MM) and 1:3:2 (Mm) obtained from each independent F 2 population are also shown a Observed ratios differ significantly from expected at P \ 0.05 Table 2 Identification of segregation distortion SSR loci distributed throughout the 'Canino' linkage groups (LG) using a subset of the 'G 9 C-01' population carrying the PPM (N = 46)
LG LGs) (Fig. 4 and Supplemental Table 5 ). When compared with peach scaffold_3 and on average, first hit length was 65 % of the QS length with 92 % id and E values were below 1e -49 in all cases. Comparison with apple and strawberry showed a lower but still significant degree of similarity. First hit length was 27 % of the QS length with 89 % id and E values below 1e -7 when compared with apple homeologous chrs.9 and 17, and 26 % of the QS length with 86 % id and E values below 1e
-5 when compared with strawberry LG6.
As a whole, apricot BES, mapped on the peach chr.3, were collinear with the apricot LG3 genetic map, with the strawberry LG6 and with the inversely oriented apple chrs.9 and 17 (Fig. 4) . The genomic landscape of the 364 Kb peach region syntenic to the apricot M-locus contains 59 predicted gene transcripts as annotated by IPGI. found 83 predicted genes in the apple syntenic region of chr.17 (380 Kb between 4.94 and 5.32 Mb positions) and, according to Shulaev et al. (2010) , 54 predicted genes reside in the strawberry syntenic region of chr.6 (300 Kb between 31.65 and 31.95 Mb positions). A significant conservation of gene content between the three genomes was found. BLASTX analysis of the apple syntenic region against the peach predicted proteins database (IPGI) with an exp. value cutoff \1e -6 found 38 homologous open reading frames (ORF) (64 % of the predicted genes in peach). The same analysis performed with strawberry detected 22 homologous ORFs (37 % of the predicted genes in peach). Furthermore, gene order was fully preserved in both cases (data not shown).
BLASTP analysis of the 59 ORFs comprised within the peach syntenic region against The Arabidopsis Information Resource (TAIR) database, with an exp. value cut-off \1e -6 , was used by IPGI to predict gene functions based on homology to Arabidopsis (Supplemental Table 6 ). This table also indicates those Prunus/Arabidopsis gene pairs that are best-reciprocal BLASTP hits (blasting Arabidopsis proteins against the peach predicted peptides annotated by IPGI) identifying putative orthologues. According to the large-scale gene expression analysis performed by Wang et al. (2008) in Arabidopsis mature pollen, hydrated pollen and pollen tubes using Affymetrix ATH1 Genome Arrays, up to 22 of these Arabidopsis homologues were found to be pollen-expressed (Supplemental Table 6 ). Our preliminary results, based on RT-PCR performed on a few of these genes, suggest that tissue-specific gene expression in apricot roughly matches that in Arabidopsis for their corresponding homologues (data not shown). Dysfunction in the S-locus genes is the main cause of SC in Prunus ). Thus, mutations producing low S-RNase transcription levels (Yamane et al. 2003) and mutations disrupting SFB function (Ushijima et al. 2004) both have been shown to confer SC. Particularly in cultivated apricots, SC has been mostly associated with the S Chaplotype carried by numerous cultivars (Halász et al. 2007) , where a 358-bp insertion is found in the SFB C gene resulting in the expression of a truncated protein (Vilanova et al. 2006) . However, genetic and molecular analysis of the apricot selection 'Canino' (S 2 S C ) revealed an additional mutation unlinked to the S-locus independently conferring SC (Vilanova et al. 2006) . Evidence for this came from analysis of S-genotypes among 'Goldrich' (S 1 S 2 ) 9 'Canino' (S 2 S C ) progeny. On one side, two unexpected classes were found, S 1 S 2 and S 2 S 2 , since pollen tubes carrying the 'Canino' S 2 -haplotype should be incompatible on 'Goldrich' styles. On the other, segregation of the S-genotypes fitted a genetic model where the pollen parent carries an Slocus unlinked mutation. Moreover, other possible causes for SC were all discarded such as mutations or indels affecting the S 2 -haplotype, polyploidy and S-allele duplications. The mutation does not seem to affect S-locus F-box gene expression and, therefore, this GSI mutated modifier gene might be grouped with those required for pollen rejection but with no wider role in pollination as defined by McClure et al. (2000) . Dysfunction in modifier loci has also been associated with GSI breakdown in other Prunus. For instance, similar to the case of 'Canino', an S-locus unlinked pollen-part modifier gene conferring SC was found in the sweet cherry (P. avium) cv. 'Cristobalina' (Wünsch and Hormaza 2004) . Moreover, gene duplications and modified transcription levels of S-locus genes were also discarded as the cause of SC in this case (Wünsch et al. 2010 ). In almond (P. amygdalus), a stylar-part modifier affecting S-RNase expression has also been suggested to confer SC (Fernández et al. 2009 ) and, more recently, Boskovic et al. (2010) provided preliminary data for a non-S locus stylar factor essential for GSI in diploid Fragaria. Nevertheless, despite of the ample genetic evidence accumulated, no GSI modifier gene has yet been cloned in Rosaceae.
Paving the way for positional cloning of the M-locus modifier gene
In this work, the 'Canino' GSI mutated modifier gene locus (M-locus) was mapped as a way to facilitate identification and cloning. For mapping, 141 'G 9 C-01' progeny were genotyped for the mutation by analyzing F 2 offspring, and observed segregations supported independent inheritance of the M-and S-loci. Simultaneously, a genetic strategy based on segregation distortion was initiated to identify the Mlocus genomic region. A chromosomal region that causes distorted segregation ratios is referred to as segregation distortion locus (SDL) (Zhu and Zhang 2007) . In this case, pre-zygotic selection of gametes carrying the PPM should produce distortion in the segregation of marker loci close to the SDL. Following this approach, a set of 'G 9 C-01' PPM-carrying trees (S 1 S 2 and S 2 S 2 ) was selected for testing genome-wide distributed SSRs to detect SDL by examining changes in genotypic frequencies. At odds with 'Goldrich', 'Canino' is highly homozygous and therefore a high number of SSRs had to be tested to perform the SDL screening efficiently. Attending to segregation of pollen alleles, two SDL were found on LG3 and LG6. Distortion on LG6 is caused by the S-locus and, as previously stated, the M-locus is predicted to be unlinked to the S-locus, thus, LG3 is the most likely location for the M-locus. Screening the whole 'G 9 Ca-01' population with chromosome specific SSRs allowed fine mapping of the M-locus on the 'Canino' chr.3 distal end. Interestingly, Cachi and Wünsch (2011) also recently mapped the non S-locus PPM conferring SC to the P. avium cv. 'Cristobalina' on the LG3. The closest marker (EMPaS02) was positioned 3.2 cM above the PPM (to centromere direction), although map accuracy was not sufficient to confirm marker order in that region. According to the peach genome sequence EMPaS02 is located at *20.0 Mb position on chr.3 while the apricot M-locus is found in an interval between *18.40 and 18.76 Mb positions. A different map location for each PPM would support different genes as responsible for SC in 'Canino' and 'Cristobalina', but this point still requires confirmation. SC is a desired trait for apricot breeding programs and, interestingly, 'Canino' provides an S-locus independent source of this trait. Moreover, the small size of the marker bracket flanking the M-locus (1.8 cM) guarantees a satisfactory control for marker-assisted selection of SC.
Once the M-locus position was identified, first steps towards the map-based cloning were undertaken. First, an apricot BAC library (Vilanova et al. 2003) was hybridized using overgo probes to identify BACs within the M-locus encompassing region. On average, 7.5 BACs per probe were detected but this average decreased to 1.2 after rejecting BACs unconfirmed by PCR. However, the BAC library was predicted to have a 22-fold genome coverage, though the observed coverage was found to be only eight after RFLP screening (Vilanova et al. 2003) . The disparity with our results might be explained by unspecific hybridization due to the non-stringent conditions used. The 26 positive BACs identified formed a single contig covering the M-locus region, where the apricot genetic interval of 1.8 cM Plant Mol Biol (2012) 79:229-242 239 corresponds to a physical interval of *364 Kb in the peach genome sequence. Apricot and peach were highly collinear within the M-locus region except for an *81 Kb subregion where peach scaffold_3 shows a high repeat content and apricot BES show homology with peach scaffold_2. A minor chromosomal translocation between chrs.2 and 3 during Prunus speciation might be suggested as the cause of this mis-alignment. Indeed, chromosomal rearrangements do not seem to be unusual within the Rosaceae (Illa et al. 2011 ).
M-locus synteny in the Rosaceae
The comparative analysis of the available rosaceous genomes suggests a common hypothetical ancestral chromosome (A5) for apple LG17/LG9, peach PG3 and strawberry FG6 (Illa et al. 2011) . Consistent with this conclusion, micro-synteny analysis of the apricot/peach PG3 M-locus region allowed to identify synteny blocks in apple LG9/
LG17 and strawberry FG6, where gene content and colinearity are basically preserved between genomes. Interestingly, the Fragaria RNase T-locus also maps on FG6 (Boskovic et al. 2010 ) and the Malus S-locus on LG17 (Maliepaard et al. 1998) , and these two chromosomes do not share a common ancestor with the S-locus bearing Prunus PG6 (Illa et al. 2011) . Therefore, co-localization in syntenic chromosomes might suggest a sort of connection between the self-incompatibility related apricot M-locus, the apple S-locus and the strawberry T-locus, but the Mlocus syntenic blocks mapped at opposite chromosome ends to these two latter loci. Moreover, Boskovic et al. (2010) suggested that the Fragaria S and T-loci might be paralogues resulting from a duplication in a common ancestor of Fragaria and Prunus that coalesced in a single S-locus in the lineage leading to Prunus. Altogether, the Mlocus does not seem to have any evolutionary relationship with a putative Rosaceae ancestral S-locus. Distinct genetic and molecular features are exhibited by the S-RNase based GSI system in Prunus, Malus and Fragaria (Tao and Iezzoni 2010; Boskovic et al. 2010) . Unlike Prunus, multiple, instead of single SFB, are located at the Malus S-locus (Minamikawa et al. 2010 ) and two independent S-loci, instead of a single one, control GSI in Fragaria (Boskovic et al. 2010) . However, in spite of these differences, there are major similarities, the pistil S-determinant is an S-RNase in all three genera and the pollen S-determinant is an F-box protein at least in Prunus and Malus. This suggests that other factors essential for GSI, such as the modifier genes, might also be preserved across Rosaceae species. Following this reasoning, it is tempting to speculate that the apricot/peach M-locus modifier gene orthologues in apple and strawberry, if present, should be located within those synteny blocks in chrs.17/9 and chr.6, respectively. Furthermore, under the same hypothesis, those predicted genes conserved in all three species (only 18) should be taking into special consideration to search for candidate genes. In fact, orthologues of the Nicotiana HT-B (McClure et al. 1999) were identified in Solanum (Kondo et al. 2002) and Petunia (Puerta et al. 2009 ), and SSK1 equivalent proteins have been found in the distantly related genera Antirrhinum and Petunia (Zhao et al. 2010) , suggesting that these modifier genes are conserved across genera.
Beside the M-locus, other flower related traits, such as anther color, petals color and number of developing carpels, also map to the distal part of peach chr.3 (Dirlewanger et al. 2004 ). Furthermore, two predicted genes found within the peach M-locus region are homologous to the FERONIA receptor-like kinase that mediates male-female interactions during pollen tube reception in Arabidopsis thaliana (Escobar-Restrepo et al. 2007) . Regarding the apricot modifier gene, there is yet no sound evidence on its putative function and therefore candidate genes can not be selected solely by the gene function annotation. On the basis of sequence similarity, the Prunus/Arabidopsis gene pairs reported in this work might be considered orthologues with high confidence (Zheng et al. 2005) and consistently a high tissue-specific expression conservation should be expected in general (Movahedi et al. 2011 ). According to this premise, a significant number of the genes distributed throughout the M-locus region might be pollen-expressed, being good candidate genes for m. However, the rest cannot be fully discarded since orthologues inferred through sequence similarity do not share similar biological functions in many cases (Movahedi et al. 2011) . Preliminary gene expression analysis performed in apricot seems to support the predictions based on homology but further analysis is needed to confirm these results. In this context, narrowing the region containing the M-locus along with the screening for PPMassociated polymorphisms and a more detailed gene expression analysis, will be necessary to isolate the modifier gene required for GSI in 'Canino'. The identification of new factors contributing to control of pollen-pistil interactions in Prunus would be a valuable step to elucidating the molecular mechanisms underlying GSI and also to provide new tools to understand evolutionary forces behind this trait.
